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Abstract - Chronic wound care treatment represents a substantial percentage of the medical expenses worldwide. Improving 

and developing novel wound care systems can potentially help to ease this problem. Antiseptics are an important tool regarding 

wound care, being capable of inhibiting bacterial growth at the wound site. Consequently, antiseptic loaded wound dressings 

constitute great candidates for wound care treatment. The goal of the present work was to investigate possible casein hydrogel 

dressings loaded with two antiseptic drugs, Octiset® or polyhexanide, suitable to treat chronic wounds. Casein was used due 

to its properties, making it a good candidate for biomedical applications. Hydrogels were prepared using two different caseins, 

a sodium salt one – formulation CS – and an acid one – formulation C. Materials were characterized, and sterile and non-sterile 

samples were compared to assess possible changes induced by the sterilization step. High values of swelling were obtained 

for both formulations. Degradation values were not significant, and SEM analysis revealed an irregular lacy surface for the 

non-sterile samples. Mechanical tests are compatible with an elastic material making it a good candidate for wound dressing 

applications. Regarding drug-release, the hydrogels were able to sustain a controlled drug-release for at least 48 h and revealed 

good antimicrobial properties against Staphylococcus aureus and Pseudomonas aeruginosa. The hydrogels showed to be non-

irritant, highly hemocompatible, and non-cytotoxic. Overall, sterilization did not compromise the material’s properties, and 

the hydrogels’ characterization leads to conclude that these formulations could possibly be appropriate to produce new wound 

dressings.  
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1 Introduction

A wound be classified as acute or chronic, and the 

classification depends on the healing time. Acute wounds 

heal in a predicted amount of time without any 

complications. However, chronic wounds are those that 

take a relatively long time to heal with some 

complications1. Chronic wounds are a big challenge to 

wound care professionals. In order to increase the chance 

for more successful healing, it is essential to understand 

the underlying pathophysiology and pay specific attention 

to the management of those perturbations2. Ulcers are the 

most common type of chronic wound, and there are several 

types of chronic ulcers. These include diabetic foot ulcers, 

pressure ulcers, and venous leg ulcers3.  

Diabetes can lead to complications in the lower extremities 

of the body, which are common, complex, and costly. Foot 

ulceration is the most frequently recognized complication. 
Among patients suffering from diabetes, 2 % to 3 % will 

develop a foot ulcer each year, and approximately 15 % 

will develop a foot ulcer during their lifetime. Foot ulcers 

are cutaneous erosions where a loss of epithelium extends 

into or through the dermis to deeper tissues. Minor trauma, 

frequently footwear-related, has been reported as the most 

common event leading to lower extremity ulcers and 

subsequent amputation4,5.  

Pressure ulcers (PUs) have for long been recognized as a 

disease entity. Pressure ulcers are also known as bedsores, 

decubitus ulcers, or pressure sores, and they can also be 

referred to as pressure necrosis or ischemic ulcers. The 

term pressure ulcer has been defined as "an area of 

unrelieved pressure usually over a bony prominence 

leading to ischemia, cell death, and tissue necrosis". This 

definition was later refined by the National Pressure Ulcer 

Advisory Panel (NPUAP) and European Pressure Ulcer 

Advisory Panel (EPUAP) as "localized injury to the skin 

and/or underlying tissue usually over a bony prominence 

as a result of pressure, or pressure in combination with 

shear and/or friction"6.  

Leg ulcers are an important issue for both patients and 

health service resources. The majority of ulcers can be 

related to venous disease, while other causes or 

contributing factors include immobility, obesity, trauma, 

arterial disease, vasculitis, diabetes, and neoplasia. 
Surgeries on the legs, such as a hip replacement or knee 

replacement, can also be associated with the occurrence of 

leg ulcers. Individuals with swollen and enlarged veins 

(varicose veins) also have a higher risk of developing 

venous leg ulcers (VLUs)7,8. 

Wound healing is the physiological mechanism by which 

the body replaces and restores function to damaged tissue. 

It is a complex sequence of events that are interconnected 

and dependent on one another9. In adult humans, the 

optimal wound healing process involves the following 

events: rapid hemostasis, appropriate inflammation, 

proliferation, and reprogramming. Chronic wounds 

become "trapped" in the inflammatory and proliferative 

phases which delays healing. The epidermis fails to 

migrate across the wound tissue, and there is 

hyperproliferation at the wound margins, which interferes 

with normal cellular migration over the wound bed. Once 

the underlying disease that contributed to the occurrence 

of the chronic wound has been addressed, wound bed 

preparation is a critical concept in the treatment of chronic 

wounds. In order to optimize wound healing, the wound 

must be clean, with a healthy granulating base, and be free 

of infection. The choice of the correct dressing should be 
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made according to the capacity of the material to keep the 

wound moist but not too wet or too dry10.  

Modern wound dressings have been designed to facilitate 

the function of the wound rather than just to cover it. These 

dressings are developed to keep the wound from 

dehydration while promoting healing11. Hydrogels are 

highly hydrophilic macromolecular networks produced 

by chemical or physical crosslinking of soluble polymers. 

Due to their particular properties, such as high-sensitivity 

to physiological environments, hydrophilic nature, soft 

tissue-like water content, and adequate flexibility, 

hydrogels are excellent candidates for biomedical 

applications12. Hydrogels can be formulated using a wide 

range of polymers, including those of food origin. The 

benefits of hydrogels made from food-grade biopolymers 

include safety, low cost, and commercial availability. One 

possibility for creating food-based hydrogels is the use of 

caseins, alone or in combination with other food-grade 

polymers13. Casein-based hydrogels are biodegradable, 

biocompatible, renewable, easy to obtain, inexpensive, 

and nontoxic. They exist in different physicochemical 

states, such as particle hydrogels, which can be divided 

into emulsions or suspensions, and macro hydrogels that 

are gel colloid type. Increasing attention has been drawn 

into these biomaterials in recent years due to their ability 

to form networks of different tensile strengths and 

encapsulate, protect, and release biomolecules14.  

Incorporating a drug into a wound dressing would 

potentiate the antimicrobial action of the material and 

prevent the occurrence of bacterial infections in the wound 

bed. Antibiotic resistance of microorganisms poses a big 

problem and could consequently lead to delayed wound 

healing. To avoid that, increasing attention has been drawn 

to antiseptic use in wounds care, which is unlikely to 

produce resistant pathogens. The present work aims to 

develop antiseptic-eluting casein-based hydrogels for 

wound dressings. The studied antiseptics are Octiset® and 

polyhexanide (0.5 mg/mL). The loading and release 

capacity of Octiset® and polyhexanide onto/from the 

produced hydrogels were assessed. The properties of the 

material were studied, more specifically the swelling 

capacity, the degradation profile and the mechanical 

behaviour of the different drug loaded samples. The 

eventual changes in the drug release behaviour and in the 

material properties, resulting from sterilization were 

assessed. Antimicrobial tests were carried out to evaluate 

the capability of the materials to inhibit bacterial growth, 

and other biological tests, such as cytotoxicity, 

hemocompatibility and irritability assays were also carried 

out.   

2 Materials and methods 

2.1 Materials 

Casein sodium salt and acid casein, both from bovine milk, 

were purchased from Sigma. NaOH pellets (99 %) were 

purchased from Merk. Acrylamide (AAm), N,N’- 

methylenebisacrylamide (MBAAm), Ammonium 

persulfate (APS), N,N,N’,N’-tetramethylenediamine 

(TEMED) and N-(3-Aminopropyl)methacrylamide 

hydrochloride (APMA) were purchased from Sigma. 

Octiset® (Schülke) has a concentration of 1 mg/mL of 

octenidine dihydrochloride and 20 mg/mL of 

2-phenoxythanol. Polyhexanide (0.5 mg/mL) was 

prepared in PBS using polyhexamethylene biguanide 

hydrochloride (PHMB) (94%), purchased from 

Carbosynth. Phosphate buffered saline (PBS) solution was 

prepared using tablets purchased from Sigma. A 

hydrophobic treatment had to be done to the glass moulds 

where the hydrogels were crosslinked. For the silanization 

protocol, toluene was purchased from Jose Gomes Santos 

(JMS), and methanol was purchased from Riedel-de Haën. 

Lysozyme from chicken egg white (40000 units/ mg 

protein) was purchased from Sigma. Pseudo extracellular 

fluid (PECF), a simulated exudate solution, was prepared 

using 0.68 g of NaCl (Sigma), 0.229 g of KCl (Sigma), 2.5 

g of NaHCO3 (Panreac) and 0.4 g of NaH2PO4 (Sigma). 

The salts were dissolved in 100 mL of DD water. Mueller-

Hinton Agar and Mueller-Hinton Broth were from 

OXOID. For cytotoxicity assays, Dulbecco’s modified 

eagle’s medium (DMEM) (D5796), bovine calf serum, 

penicillin-streptomycin solution, sodium pyruvate, 

NIH/3T3 fibroblasts (ATCC®CRL-1658/Sigma 

93061524), trypsin-EDTA (Ethylenediaminetetraacetic 

acid) solution, dimethyl sulfoxide (DMSO), MTT solvent, 

HCl and isopropanol, all from Sigma, were used. 

2.2 Hydrogel preparation 

Two different formulations, where different caseins were 

used, were studied for the hydrogel dressings. Casein 

hydrogels were prepared by a free radical polymerization 

of AAm and coagulation of casein micelles. 

For the formulation with casein sodium salt – formulation 

CS – the casein solution was prepared by dissolving 1 g of 

the casein powder in 10 mL of DD water with magnetic 

stirring for 4 hours. The pH of the casein solution was 

adjusted to 6 by the addition of NaOH solution (1 M). 

After dissolution, 2 g of AAm and 1 mg of MBAAm were 

added to 5 mL of the casein solution. After stirring, 1 mg 

of APS and 0.5 μL of TEMED were added as a radical 

initiator and crosslinking accelerator for AAm, 

respectively. For the formulation with the acid casein – 

formulation C – the protocol was the same with an 

exception in the initial step, where the casein had to be 

dissolved in water with two drops of NaOH (10 M), given 

the impossibly of dissolving this casein in water. The 

mixture was then magnetically stirred overnight.  It is 

important to point out that the pH of the solution decreases 

as the casein starts to dissolve, reaching a pH of 6 when it 

is fully dissolved in the solution. For both formulations, 

the hydrogel solution was poured into a glass mould, 

previously submitted to a hydrophobic treatment.  

For the crosslinking of the hydrogels, formulation CS was 

exposed to UV light (proMa, model UV-Belichtungsgerät 

2) for 4 h and left 22 h in the oven at 36 oC for casein 

gelation. Formulation C was exposed to UV light for 2 h 

and left 6 h in the oven at 36 oC for casein gelation. The 

https://www.sciencedirect.com/topics/engineering/hydrophilic
https://www.sciencedirect.com/topics/engineering/chemical-crosslinking
https://www.sciencedirect.com/topics/engineering/hydrophilic-nature
https://www.sciencedirect.com/topics/engineering/biomedical-application
https://www.sciencedirect.com/topics/engineering/biomedical-application
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hydrogels were carefully removed from the moulds and 

washed in DD water for 3 days to eliminate free radicals.  

Hydrogels were cut in the appropriate dimensions for each 

test and dried in the oven for 6 h at 36 oC. Sterilization of 

the hydrogels was carried out in autoclave (Uniclave 88 

from AJC) at 121 oC for 20 minutes.  

2.3 Hydrogel characterization 

2.3.1 Swelling ration and equilibrium water content 

The assays were performed in triplicate for each condition 

with both formulations. Samples were cut with 10 mm 

diameter and adequately dried. The dry weight of the 

samples was taken, and they were then transferred into 

falcons with 5 mL of milli Q (DD water), Octiset® or 

polyhexanide. The samples were carefully taken out of the 

solutions, blotted with an absorbent paper, and weighted 

until the equilibrium was reached. The disks were 

weighted at 10, 20, 30, 45, 60 and 90 minutes and then 

every hour until the swelling stagnated. The swelling ratio 

(SR) and equilibrium water content (EWC) were 

calculated with equations 1 and 2, respectively. Wd is the 

weight of the dried sample and Wh is the weight of the 

hydrated sample.  

 
𝑆𝑅 (%) =

𝑊ℎ − 𝑊𝑑

𝑊𝑑

× 100 
(1) 

 
 

𝐸𝑊𝐶 (%) =
𝑊ℎ − 𝑊𝑑

𝑊ℎ

× 100 (2) 

 

2.3.2 Degradation assay 

Samples were cut into 10 mm diameter disks and dried; 

the assay was done in quintuplicate. The weight of the 

dried samples was measured, and each disk was then 

placed on 5 mL of the degradation solution. Tests were 

made in PBS and in PECF-lysozyme solution (1mg/mL) 

to assess the hydrolytic degradation and the degradation 

rate in a simulated exudate solution, respectively. The 

samples were placed in the oven at 34 oC and 180 rpm. 

After 24 h and 48 h, the disks were washed by immersion 

in DD water to remove any soluble parts. After drying, 

samples were weighed, and the weight loss was calculated 

with equation 3. W0 is the weight of the dried and not 

degraded sample and W24, and W48 are the weights of the 

sample, after 24 h and 48 h in the degradation solutions, 

respectively, and upon drying.  

 Weight loss (%) =
W0 − W24/48

W0

× 100 (3) 

 

2.3.3 SEM 

Sterile and non-sterile samples of both formulations with 

10 mm diameter were used. The assay was performed in 

duplicate. The disks were first hydrated in DD water for 

24 h, carefully blotted with an absorbent paper, placed in 

the freezer at -80 oC for 3 h, and later lyophilized 

overnight. Lyophilization was performed in a CHRIST 

freeze-dryer, model ALPHA 1-2 LDplus.  

Prior to SEM analysis, samples were coated with a 

gold/palladium film in a Polaron Quorum Technologies 

sputter coater and evaporator (Au/Pd, Cr, C). After 

coating, the samples were analysed with an Analytical 

SEM Hitachi S2400. SEM images were obtained under 

x100, x3000, and x5000 magnifications. Cross-section 

images were obtained under x40 and x500 magnifications. 

 

2.3.4 Mechanical tests 

Tensile tests were performed using a texturometer TA.XT 

Express Texture Analyser. The measurements were 

processed with the software TE32LiteExpress. A constant 

speed (pre-test and post-test speed) of 0.5 mm/s was 

applied using a target force of 49 N. The assay was 

performed in non-loaded samples and in both sterile and 

non-sterile drug-loaded samples and was carried out in 

quadruplicate. Small grips were attached to the samples, 

and soft paper was glued to them to protect their surface 

from additional damage. After fixation in a vertical 

position, the experiment was run, and data was collected 

until rupture. Stress-strain curves were analysed by the 

software. Young modulus (E) was calculated by dividing 

the stress (σ) by the strain (ε) over a specific range of strain 

(equation 4). The toughness was obtained by calculating 

the area below each sample’s stress-strain curve. The 

range of strain considered for this assay was 0-20 %. This 

range was chosen with the aim of studying the plastic 

deformation of the material, where stress and strain are 

proportionally dependent, and the curve presents a linear 

form15.  

 𝐸 =
σ

ε
 

(4) 

 

2.4 Drug loading and release 

The loading of Octiset® (1 mg/mL of octenidine 

dihydrochloride and 20 mg/mL of 2-phenoxyethanol) and 

polyhexanide (0.5 mg/mL) into the hydrogels was 

achieved using the soaking method. Samples were cut, 

properly dried, and immersed in a falcon with 5 mL of the 

desired drug solution for 48 h at room temperature. Drug 

release tests were performed in a Franz cell diffusion 

system. To best mimic in vivo conditions, experiments 

were done at normal human skin temperature (34 ºC). 

Samples were cut with a diameter of 20 mm. After loading, 

the disks were carefully blotted and placed between the 

upper and lower part of the cell. The samples were 

surrounded by a rubber ring (sample’ useful area in contact 

with the liquid is 76 mm2) and the upper and lower part of 

the cell were held in place with a clamp. After carefully 

mounting the six cells, its receptor chamber was filled with 

6.5 mL of PBS through the lateral tip. At each 

predetermined sampling time, 200 μL of solution from 

each cell were collected and analysed with UV-Vis 

spectroscopy (MultiskanTM GO Microplate 

Spectrophotometer of ThermoTM Scientific). The 

absorbances were measured at characteristic wavelengths 

for each drug, and from absorbance values, the 

concentrations and the normalized cumulative mass 

released values were calculated.  The exact amount of 

fresh PBS (200 μL) was refilled into the cell through the 

lateral tip. Liquid samples were retrieved every 30 minutes 
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for the first hour and then every hour for the remaining 7 h. 

Additional measurements were taken at 24 h and 48 h. In 

order to determine the amount of drug loaded into the 

hydrogel, a methanol extraction assay was performed. 

Drug-loaded samples were immersed in 3 mL of methanol 

inside glass vials. At pre-determined times, the disks were 

removed and placed in new vials with fresh methanol. The 

absorbance of the solution was assessed at each time point, 

the concentrations of the drugs in the solutions were 

calculated and the extracted drug mass was determined. 

The process was repeated until the methanol solution was 

free from the drugs. Volume samples were retrieved after 

2 h, 4 h, 8 h and 24 h.  

2.5 Antibacterial properties 

The antibacterial properties of the hydrogels were tested 

against two bacteria: Staphylococcus aureus ATCC 25923 

(Gram-positive) and Pseudomonas aeruginosa ATCC 

15442 (Gram-negative). For both assays, the experiment 

was performed in quadruplicate for each bacterial strain in 

aseptic conditions (flow chamber from Bio Air 

Instruments, model AURA 2000 MAC 4 NF). CS and C 

samples were cut with 10 mm diameter, and the assay was 

done for drug-loaded (with Octiset® or polyhexanide) and 

non-loaded samples (hydrated in PBS). Bacterial strains 

were grown for 24 h at 37 oC. An optical density of 1 

McFarland (3×108 bacteria/mL) was achieved for 

Staphylococcus aureus and of 0.5 McFarland (1.5×108 

bacteria/mL) for Pseudomonas aeruginosa by suspending 

the grown strains in 0.9 % NaCl sterile solution.   

2.5.1 Agar diffusion tests 

The culture medium was sterilized in autoclave at 121 oC 

for 20 minutes, and subsequently stabilized in a water bath 

at 50 oC.  Sterile culture plates (120×120 mm2) were filled 

with 50 mL of culture medium and 350 μL of bacterial 

suspension and left to solidify. Loaded and non-loaded 

hydrated samples were carefully blotted with absorbent 

paper and were placed on the agar. Plates were incubated 

for 24 h at 37 oC, and afterwards examined to check the 

formation of bacterial growth inhibition halos.  

 

2.5.2 Turbidimetry 

After preparation, the broth medium was sterilized in 

autoclave at 121 oC for 20 minutes and subsequently 

stabilized in a water bath at 50 oC.  Each sample was 

carefully blotted with absorbent paper and individually 

placed in a 24-well plate. 500 μL of broth medium and 

10 μL of bacterial suspension were added to each well. For 

the positive control, 500 μL of broth medium and 10 μL of 

bacterial suspension were added to the well (without 

sample), and for the negative control, only 500 μL of broth 

medium was added. The plates were incubated at 37 oC for 

24 h at 100 rpm. To analyse the results, 200 μL of each 

well solution was extracted, and the absorbance was 

measured using a spectrophotometer (Platos R 496 

Microplate Reader) at 630 nm. 

 

2.6 Biocompatibility tests 

2.6.1 Irritation assay (HET-CAM) 

Hen’s Egg test on chorioallantoic membrane (HET-CAM) 

assay was performed to evaluate the potential irritation 

effect of both hydrogel formulations. The assay was done 

for drug-loaded and non-loaded samples (hydrated in 

PBS). Fertilized hen’s eggs (Sociedade Agrícula da Quinta 

da Freiria, SA, Portugal) were incubated (Incubator, 56S) 

at 37 oC ± 0.5 oC with 60 ± 5 % of relative humidity. After 

incubating for 9 days, the shell was cut at the air pocked 

existent in the larger end with a rotary saw (Dremel 300, 

Breda), the shell was removed, and the inner membrane 

was hydrated with 0.9 % NaCl. After hydration, the 

membrane was carefully removed in order to expose the 

chorioallantoic membrane (CAM).  

The assay was performed in triplicates for both CS and C 

hydrogel formulations. Samples were cut with 10 mm 

diameter and sterilized in 5 mL of the loading solution. 

Drug-loaded samples were soaked for 48 h in the drug 

solutions at room temperature. After CAM exposure, the 

samples were removed from the loading solution, carefully 

blotted with absorbent paper, and placed directly on the 

CAM for 5 minutes. Irritation of the membrane was 

evaluated checking the appearance of lysis, haemorrhage, 

and coagulation. Additionally, a positive and negative 

control were performed by applying 300 μL of 5 M NaOH 

and 0.9 % NaCl on the CAM, respectively16.  

2.6.2 Hemocompatibility 

Blood samples were collected from healthy volunteers by 

venipuncture in sodium citrate anti-coagulant vacutainer 

tubes (Vacustest Kima) under aseptic conditions in 

Serviços de Saúde of Instituto Superior Técnico, Lisboa. 

Both CS and C formulations were studied. Samples were 

cut with 10 mm diameter and previously sterilized in 

falcons containing 5 mL of PBS. Keeping the aseptic 

conditions, 200 μL of blood were added to the falcons 

containing the samples, which were incubated at 37 oC for 

1 h.  Distilled water and untreated PBS were used as the 

positive and negative control, respectively. After 

incubation, the samples were removed from the falcons, 

and the tubes were centrifuged for 10 min at 3000 rpm. 

The supernatant’s absorbance was measured at 540 nm, 

and the hemolysis ratio was calculated through equation 5. 
The assay was performed in sextuplicate. 

 
𝐻𝑒𝑚𝑜𝑙𝑦𝑠𝑖𝑠 (%) =  

𝐴𝑏𝑠𝑠𝑎𝑚𝑝𝑙𝑒 − 𝐴𝑏𝑠𝐶−

𝐴𝑏𝑠𝐶+ −  𝐴𝑏𝑠𝐶−

× 100 
(1) 

 

2.6.3 Cytotoxicity 

A cytotoxicity assay was performed to evaluate the cells’ 

response to the hydrogels. The assay was performed under 

sterile conditions (flow chamber from Bio Air 

Instruments, model AURA 2000 MAC 4 NF) and was 

composed of two main steps: 

1. Subculturing of cells 

The culture medium consisted of Dulbecco’s Modified 

Eagle’s Medium (DMEM, Sigma), supplemented with 

10 % bovine calf serum, 1 % penicillin-streptomycin 

solution and 1 % of sodium pyruvate. The cells used in the 
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assay were NIH/3T3 fibroblasts (93061524, Sigma). 

Frozen stocks were thawed and then centrifuged for 5-7 

minutes at 125 g. Cells were cultured in DMEM 

supplemented medium in a humidified incubator with 5 % 

CO2 at 37 oC until 80-90 % confluency was achieved. For 

passages and subculturing of the cells, they were washed 

with pre-warmed PBS (Sigma), and 0.25 % (w/v) trypsin 

– 0.53 mM EDTA was added to promote the detachment 

of the cells. For subculturing, cells were recovered by 

centrifugation for 5-7 minutes at 125 g and resuspended in 

a determined volume of pre-warmed medium. A sample 

was retrieved and counted using a hemacytometer.   

2. Cytotoxicity assay 

The assay was performed for both hydrogel formulations 

following the ISO-10993-5:2009 guidelines. Samples 

were cut with 7 mm diameter, properly dried in the oven, 

and sterilized in 5 mL of the different solutions (PBS or 

drug solution). The experiment was done for drug-loaded 

and non-loaded samples (hydrated in PBS). Samples were 

loaded for 48 h at room temperature. Non-loaded samples 

were used to assess the cytotoxicity of the material without 

any drug.  The assay was performed in 12-well plates, and 

in quadruplicate for each condition. Approximately 1×105 

cells were seeded in each well in 0.8 mL of DMEM 

supplemented medium, corresponding to a cell 

concentration of 1.25×105 cells/mL. Plates were incubated 

at 37 oC (humidified with 5 % CO2) for 24 h to promote 

cell culture and obtain a confluent monolayer. After 

incubation, samples were removed from their respective 

loading solutions, gently blotted, and placed in the 

transwells inserts in the plates. Negative and positive 

controls were made by supplementing the cells with 1 mL 

of DMED supplemented medium, and 1 mL of DMED 

supplemented medium with 10 % DMSO, respectively. 

The plates were again incubated for 24 h, and the MTT 

assay was performed. After incubation, both the inserts 

and the medium were carefully removed from the wells, 

and 300 μL of MTT solution (10 % MTT dissolved in 

serum-free DMEM) was added. Additional controls 

without cells were also made and supplemented with MTT 

solution. Plates were then incubated for 3 h in the previous 

incubation conditions.  After incubation, 600 μL of MTT 

solvent was added to each well, and the plates were 

agitated on an orbital shaker for 1 h. After dissolution, 

200 μL volume samples were retrieved from each well, 

and its absorbance was read at 595 nm in a 

spectrophotometer (Platos R 496 Microplate Reader). Cell 

viability was assessed by calculating the cells’ relative 

quantification by subtracting the absorbance value of the 

controls without cells and normalizing them to the 

negative control.  

 

 

 

 

 

 

3 Results and discussion 

3.1 Hydrogel preparation 

Preliminary studies of the release profiles revealed that, 

contrary to what happened with polyhexanide release, 

Octiset® release was not controlled and sustained. Given 

this, an additional step that had to be made included the 

addition of the functional monomer 

N-(3-Aminopropyl)methacrylamide hydrochloride 

(APMA) to improve the release profile of the studied drug 

Octiset®, using the AutoDock software. 

3.2 Hydrogel characterization 

3.2.1 Swelling ratio and equilibrium water content 

Regarding the swelling in DD water, it is possible to see 

that both formulations decreased their SR after 

sterilization. Sterilization induced a reduction of the SR of 

the CS material, possibly indicating an increase in the 

crosslinking degree of the polymer network and inducing 

a tightening of the hydrogels’ matrix. For formulation C, 

sterilization also decreased the swelling of the material, 

but the change was not so significant. Sterilization step did 

not induce significant changes in the swelling of the 

material in the drug solutions. However, a slight increase 

in the swelling ratio after sterilization can be noticed for 

both formulations and drug solutions. This can indicate an 

increased affinity of the sterilized biomaterial with both 

drug solutions, resulting in an increase of the swelling 

capacity of the material both in Octiset® and polyhexanide 

for the sterilized samples. Possible chemical changes 

could have been induced after the sterilization step and 

therefore contribute to the increase of the SR. Figures 1 

and 2 present the SR and EWC values obtained for both 

hydrogel formulations, respectively.  

Figure 1 - Swelling ratio (SR) of sterile and non-sterile CS (A) and C (B) formulation samples. 

Figure 2 - Equilibrium water content (EWC) of sterile and non-sterile CS (A) and C (B) 

formulation samples. 

3.2.2 Degradation assay 

Both formulations presented very low weight loss 

percentages. For formulation CS, the hydrolytic 

degradation values of around 1.59 % and 1.97 % 

correspond to degradation times of 24 h and 48 h, 

respectively. Formulation C materials displayed slightly 

lower values with around 0.89 % weight loss in 24 h and 

1.27 % in 48 h. The weight loss increased with the 

exposure time, and it can be concluded that the exposure 

A B 
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time is relevant for the degradation of the material. 

However, even at 48 h time, the hydrolytic degradation 

was not significant for either of the formulations. The 

degradation values for hydrogels of formulation CS 

exposed to the PECF+lysozyme solution were around 

5.01 % and 5.45 % at 24 h and 48 h, respectively. 

Formulation C materials displayed slightly lower values: 

around 4.30 % weight loss in 24 h and 4.94 % in 48 h. As 

expected, degradation values of hydrogels exposed to the 

simulated exudate solution with lysozyme are greater than 

the hydrolytic degradation ones. Again, higher weight loss 

percentages are associated with CS formulation and with 

an increase in exposure time. Even so, these weight loss 

percentages are not significant.  

 

3.2.3 SEM 

For both CS and C materials, it is possible to identify an 

irregular lacy surface in the non-sterile samples (figure 3). 

When comparing the surface morphology between sterile 

and non-sterile samples, it is possible to notice some 

changes. Pressure and temperature, associated with 

autoclave sterilization, have affected the hydrogels’ 

surface and potentiated the lacy like appearance to 

disappear. These differences are possibly linked to 

modifications in the polymeric chains induced upon 

sterilization. On the other hand, these changes were not 

reflected in the material’s ability to swell, as the SR for 

sterile samples did not present significant changes. Cross 

section images of both materials (figure 4) show that the 

lacy structure on the non-sterile samples results from 

lumps on the material’s surface.   

Oxygen permeability is a very important characteristic that 

must be present in a wound dressing. Oxygen permeability 

was not measured given the impossibility of assessing this 

property in our laboratories. However, many studies have 

shown that the oxygen permeability coefficient (Dk) 

values of hydrogels are directly proportional to their 

equilibrium water contents (EWC)17,18. In fact, this 

characteristic was not affected after sterilization, which 

leads to conclude that the materials’ oxygen permeability 

was not compromised after the sterilization step.  

Figure 3 - SEM images taken at x3000 magnification of sterile and non-sterile CS and C 

formulation samples. 

Figure 4 - SEM images of the material’s cross-section taken at x40 magnification of CS and C 

formulation samples. 

3.2.4 Mechanical tests 

Values of Young modulus and toughness were determined 

at a deformation range between 0-20%, where stress and 

strain are proportionally dependent, and the curve presents 

a linear form. Stress-strain curves of the non-loaded and 

Octiset® loaded samples as well as non-loaded and 

polyhexanide loaded CS and C samples, are present on 

figures 5 and 7, respectively. Young modulus and 

toughness values for CS and C samples are shown in figure 

6 and 8, respectively. 

Figure 5 - Material behaviour under tension stress of non-loaded and sterile and non-sterile 

Octiset® and polyhexanide loaded CS formulation samples. Maximum error bar is shown. 

Figure 6 - Young modulus (A) and toughness (B) values measured in the strain range 0-20% of 

non-loaded and drug-loaded sterile and non-sterile CS formulation samples. 

Figure 7 - Material behaviour under tension stress of non-loaded and sterile and non-sterile 

Octiset® and polyhexanide loaded C formulation samples. Maximum error bar is shown. 

Figure 8 - Young modulus (A) and toughness (B) values measured in the strain range 0-20% of 

non-loaded and drug-loaded sterile and non-sterile C formulation samples. 

For formulation CS, it is possible to identify a significant 

difference between the non-loaded and drug-loaded 

material. The non-loaded samples present a lower Young 

modulus and toughness comparing with the drug-loaded 

ones. This implies a slightly more elastic behaviour for the 

non-loaded material, which is in agreement with the higher 

SR obtained for the CS hydrogels in water.  Both Young 

modulus and toughness decreased for sterile samples, 

indicating that autoclave sterilization may have 
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potentiated more flexible and less stiff materials. The non-

loaded and drug-loaded samples of C formulation present 

roughly the same values for Young modulus and 

toughness. Unlike CS formulation, the Octiset® loaded 

samples were not affected by the sterilization step. As for 

polyhexanide loaded ones, sterilization induced a slight 

but not significant decrease in the Young modulus.  

3.4 Drug loading and release 

Regarding formulation CS, figure 9 displays the results for 

the obtained drug release kinetics. 

Figure 9 –2-Phenoxyethanol (Octiset®) (A), octenidine dihydrochloride (Octiset®) (B), and 

polyhexanide (C) release from sterile and non-sterile CS formulation samples. 

For formulation CS, the release of Octiset® components 

and polyhexanide appears to be controlled and sustained 

for 48 h. During the first 8 hours, the release is fast and 

then a slower release occurs between the 24th h and 48th h. 

In all cases, there is still some drug being released at the 

48 h time point, which suggests that these materials may 

be able to ensure the drug release for longer periods of 

time. Sterilization did not significantly affect the drug 

release profiles, which is in agreement with the fact that 

the SR in the drug solutions was similar when performed 

with sterilised and non-sterilised samples. The methanol 

extraction assay demonstrated that, for both drugs, most of 

the drug loaded was released. In the case of Octiset® 

loaded materials, around 75 % of 2-phenoxyethanol and 

around 86 % of octenidine dihydrochloride were released 

in 48 h. Polyhexanide also showed a very high percentage 

of drug released – around 89 %.  

Regarding formulation C, figure 10 displays the results for 

the obtained drug release kinetics. 

 

Figure 10 - 2-Phenoxyethanol (Octiset®) (A), octenidine dihydrochloride (Octiset®) (B), and 

polyhexanide (C) release from sterile and non-sterile C formulation samples. 

Concerning formulation C, the release kinetics for both 

drugs is controlled and sustained for 48 h, similarly to 

what was obtained for the other formulation. increase in 

the release after 48 h, which potentiates the fact that these 

materials can release the studied drugs in a controlled and 

sustained matter for more than 48 h. Sterilization did not 

significantly affect the release profiles for both drugs. The 

majority of drug loaded into the formulation C material 

was released in 48 h. For Octiset® loaded samples, around 

74 % of the 2-phenoxyethanol and about 81 % of 

octenidine dihydrochloride loaded into the material were 

A 

A 

B 

B 

C 

C 
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released, while, for polyhexanide, the percentage of 

release was approximately 83 %. 

3.5 Antibacterial properties 

3.5.1 Agar diffusion tests 

Non-loaded samples (hydrated with PBS) and drug-loaded 

ones (with Octiset® or polyhexanide) of both formulations 

were placed on the agar plates where bacteria were grown. 

After 24 h incubation, it was possible to detect halos 

formation around some of the tested samples (figures 11 

and 12).  

Figure 11 - Agar plates with Staphylococcus aureus and Pseudomonas aeruginosa after 24 h 

incubation with CS formulation samples. Samples on the top row (left to right): loaded with 

Octiset® and hydrated with PBS. Sample on the bottom row: loaded with polyhexanide. 

Figure 12 - Agar plates with Staphylococcus aureus and Pseudomonas aeruginosa after 24 h 

incubation with C formulation samples. Samples on the top row (left to right): loaded with 

Octiset® and hydrated with PBS. Sample on the bottom row: loaded with polyhexanide. 

It is clear that the non-loaded material did not have any 

antimicrobial capacity in either of the formulations, 

implying that the material itself is not antibacterial. 

Concerning Octiset® loaded hydrogels of both CS and C 

formulations, inhibition halos are present for the two 

bacterial strains. These results are compatible with what is 

present in the literature regarding octenidine 

dihydrochloride efficacy against Staphylococcus aureus19 

and Pseudomonas aeruginosa20. Polyhexanide loaded 

hydrogels of both formulations also present efficacy 

against the two tested bacteria, again with the presence of 

inhibition halos. Literature review regarding polyhexanide 

antimicrobial action also confirmed the obtained 

results21,22. 

3.5.2 Turbidimetry 

After the 24 h incubation time, it is possible to detect 

differences in the absorbance values for each condition. 

Figures 13 and 14 represent the obtained results.  

 
 

 

Figure 13 - Relative values of the absorbance (at 630 nm) of the incubation solutions 

containing Staphylococcus aureus and Pseudomonas aeruginosa and CS non-loaded and loaded 

samples. Positive (C+) and negative (C-) controls are also present. 

Figure 14 - Relative values of the absorbance (at 630 nm) of the incubation solutions 

containing Staphylococcus aureus and Pseudomonas aeruginosa and C non-loaded and loaded 

samples. Positive (C+) and negative (C-) controls are also present. 

Similarly to what was obtained in agar diffusion tests, non-

loaded samples appeared to present no antibacterial 

properties against the tested bacteria. For both 

formulations, the absorbance values of the wells 

containing PBS hydrated samples was as significant, or 

sometimes even higher than the ones correspondent to the 

positive control, where only medium and bacteria were 

present. Regarding formulation CS, high antimicrobial 

activity against Staphylococcus aureus and Pseudomonas 

aeruginosa was observed, although polyhexanide loaded 

samples appeared to be more effective against both 

bacterial strains. For formulation C, Octiset® loaded 

hydrogels appear to be slightly more effective against 

Staphylococcus aureus, while polyhexanide loaded ones 

have higher efficacy regarding Pseudomonas aeruginosa. 

3.6 Biocompatibility tests 

3.6.1 Irritation assay (HET-CAM) 

Despite HET-CAM being a highly used and well-

established prediction model for eye irritation, it can also 

be performed in order to evaluate the irritability of a novel 

wound care system. Figures 15, 16 and 17 present the 

results. 

Figure 15 - Chorioallantoic membrane images after 5 min contact with (from left to right): CS 

formulation samples hydrated with PBS (non-loaded samples), loaded with Octiset® and loaded 

with polyhexanide. 
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Figure 16 - Chorioallantoic membrane images after 5 min contact with (from left to right): C 

formulation samples hydrated with PBS (non-loaded samples), loaded with Octiset® and loaded 

with polyhexanide. 

 

 

 

Figure 17 - Chorioallantoic membrane images after 5 min contact with (from left to right): On 

the left 300 μL of 0.9 % (negative control) NaCl and on the right 5 M NaOH (positive control). 

Regarding the negative control, as expected, no lysis, 

haemorrhage or coagulation was detected on the CAM. On 

the other hand, positive control results displayed extensive 

haemorrhaging. The results were very similar for both 

formulations. Non-loaded samples did not show any 

reaction when in contact with the membrane. This leads to 

the conclusion that the material alone is not irritant. 

Membranes in contact with Octiset® loaded samples 

presented a slight irritation, while polyhexanide loaded 

ones do not show any sign of CAM irritation.  

3.6.2 Hemocompatibility 

Dressing materials can be in contact with several body 

fluids, namely blood and wound exudate. Therefore, it is 

important to have a material with hemocompatibility 

properties to avoid activating an undesired immune 

response. A hemolysis index lower than 5 % corresponds 

to a highly hemocompatible material. Within 10 % 

hemolysis, the material is considered hemocompatible, 

and for a hemolysis ratio higher than 20 %, the material is 

regarded as non-hemocompatible23,24. Table 1 presents the 

obtained results regarding the hemolysis ratio.  

Table 1 - Hemocompatibility assay results regarding the hemolysis ratio. 

 

For both formulations, the hemolysis ratio was lower than 

5 %. Therefore, it can be concluded that the hydrogel 

material of both formulations is highly hemocompatible.  

3.6.3 Cytotoxicity 

In wound dressings, cytotoxic effects would impair the 

viability, proliferation, and migration of cells involved in 

wound healing, lowering the healing rate25. The MTT 

assay allows the measurement of cellular metabolic 

activity as an indicator of cell viability. This colourimetric 

assay is based on the redox potential of viable cells, which 

reduces the MTT solvent to an intensely pigmented 

formazan product 26. The obtained cell viability results are 

presented in figure 18.  
 

Figure 18 - Fibroblasts’ cell viability after growth in culture medium with non-loaded and drug-

loaded CS (A) and C (B) formulation samples. 

It is important to point out that, for the material to be 

considered non-cytotoxic, cell viability must be above 

70 %. Negative control represents a scenario where 100 % 

viability is obtained, and the positive control is associated 

with cytotoxic values. The results obtained for both 

hydrogel formulations show that the non-loaded materials 

are not cytotoxic: around 93.2 % of cell viability for CS 

and 96.7 % for C materials.  

Regarding Octiset® loaded samples, cell viability values 

are 78 % for CS, and 70.5 % for C, demonstrating that both 

formulations may be considered non-cytotoxic. These 

results are compatible with the ones found in literature 

where Octiset® is vastly used in wound treatment. Clinical 

and experimental evidence show that 

octenidine-containing products can improve and 

potentiate the healing of many different wound types 

without compromising wound healing and not producing 

clinically significant cytotoxicity27. Octenidine 

dihydrochloride is also well-tolerated, has no side effects 

and is not absorbed systemically28. Polyhexanide loaded 

samples also display non-cytotoxic values with 82.4 % cell 

viability for CS formulation and 72.5 % for C formulation. 

Again, there is a similarity with literature reports where 

polyhexanide shows no cytotoxic characteristics and 

demonstrates safety, efficacy, and tolerability29.  

4 Conclusion 

The main goal of the present work was to investigate the 

possibility of developing novel casein hydrogel dressings 

to treat chronic wounds. Additionally, these dressings 

were to be loaded with antiseptics, enabling a more rapid 

and efficient approach in wound care treatment. Regarding 

the swelling capacity, high values of swelling were 

obtained for both formulations. It is important to point out 

that high SR values are usually associated with high 

oxygen permeability 30,17, which is an important feature of 

the dressing materials because most infected wounds have 

pathogenic bacteria which thrive in an anaerobic 

environment. Therefore, a dressing with antiseptic action 

must be permeable to oxygen to contribute to the 

inactivation of bacterial growth. Given the impossibility of 

measuring the oxygen permeability of the studied 

formulations in the laboratory, it may be expected that they 

will be adequate from the obtained high values for EWC.   

Degradation assays revealed very minimal hydrogel 

degradation. Concerning the materials’ mechanical 

properties, sterilization did not seem to impact the 

hydrogels’ stiffness for both formulations. The values 

obtained correspond to a very elastic and flexible material, 

even after autoclave treatment.  Controlled drug release 

Formulation Hemolysis ratio (%) 

CS 0.4 ± 0.1 

C 0.3 ± 0.1 
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was possible for at least 48 h, with both formulations and 

sterilization did not seem to affect the release profiles. 

Both antiseptic loaded materials presented good 

antimicrobial properties against the studied bacteria, 

revealing that the material could in fact be used to prevent 

possible bacterial growth in the wound bed while 

facilitating its healing. Biocompatibility assays revealed 

that the hydrogels are non-irritant, highly hemocompatible 

and non-cytotoxic.  After all the assessments made, it is 

possible to conclude that both formulations constitute 

promising wound dressing materials.  

5 Future work 

Further studies can be made to optimize the material’s 

characteristics. It would be important to properly measure 

the materials’ oxygen permeability since it is such an 

important feature. Moreover, drug release experiments 

could eventually be measured until the 72 h time point to 

assess the hydrogels’ capacity to release the studied drugs 

for longer periods of time. It would also be interesting to 

attempt to include a colorimetric marker in the hydrogel’s 

formulation, making possible the identification of an 

infection by a colour change in the material33. 

Additionally, it would be essential to do in vivo trials in 

order to understand how the wound would heal with the 

assistance of these hydrogels and evaluate if they are in 

fact more beneficial for wound healing than other 

commercial hydrogels.  
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